We investigated glutamate-related neuronal dysfunction in the anterior cingulate (AC) early in schizophrenia before and after antipsychotic treatment. A total of 14 minimally treated schizophrenia patients and 10 healthy subjects were studied with single-voxel proton magnetic resonance spectroscopy ( 1 H-MRS) of the AC, frontal white matter and thalamus at 4 T. Concentrations of N-acetylaspartate (NAA), glutamate (Glu), glutamine (Gln) and Gln/Glu ratios were determined and corrected for the partial tissue volume. Patients were treated with antipsychotic medication following a specific algorithm and 1 H-MRS was repeated after 1, 6 and 12 months. There were group Â region interactions for baseline NAA (P = 0.074) and Gln/Glu (P = 0.028): schizophrenia subjects had lower NAA (P = 0.045) and higher Gln/Glu (P = 0.006) in the AC before treatment. In addition, AC Gln/Glu was inversely related to AC NAA in the schizophrenia (P = 0.0009) but not in the control group (P = 0.92). Following antipsychotic treatment, there were no further changes in NAA, Gln/Glu or any of the other metabolites in any of the regions studied. We conclude that early in the illness, schizophrenia patients already show abnormalities in glutamatergic metabolism and reductions in NAA consistent with glutamate-related excitotoxicity.
Introduction
It has been postulated that in schizophrenia there is a progressive excitotoxic process involving excessive glutamatergic activity in various cortical and subcortical fields that may account for the deteriorating course of the illness. 1 As the disease progresses, it is hypothesized that there is neuronal/dendritic damage without gliosis or widespread neuronal death. This leads to neuronal dysfunction and underlies the deteriorating cognitive and social functional state characteristic of the illness, despite the beneficial symptomatic effects of antipsychotic medications. Most of the evidence for this process is indirect and stems from pharmacological studies with N-methyl-D-aspartate receptor (NMDAR) blockers. Rodents treated acutely with MK801 show a neurotoxic effect in various cortical regions. 2 Rats exposed to ketamine have increases in extracellular glutamate in the frontal cortex. 3 More prolonged NMDAR blockade with low-dose phencyclidine reduces N-acetylaspartate (NAA, a marker of neuronal viability 4 ). In humans, acute, subanesthetic-dose ketamine induces many of the symptoms and cognitive defects of schizophrenia. 5 Using 4 T proton magnetic resonance spectroscopy ( 1 H-MRS), our group documented transitory elevations in the anterior cingulate (AC) glutamine (Gln; Rowland et al. 6 ) and in Gln to glutamate (Glu) ratios (Rowland LM, unpublished observation) in healthy subjects exposed to ketamine. However, the relevance of these acute changes to a chronic illness such as schizophrenia is unclear.
Only one 4 T 1 H-MRS study has examined Glu, its metabolite Gln (synaptic Glu is metabolized to Gln in the glia) and NAA, early in schizophrenia, before treatment. 7 They found increased Gln in the AC and thalamus and normal NAA. Another study at 4 T in treated elderly schizophrenia found elevated Glu plus Gln and reduced NAA, but only the white matter was examined. 8 Finally, elevations in Gln/Glu ratios were found in the cerebrospinal fluid of antipsychotic-naïve young schizophrenics. 9 Hence, it is possible that early dysfunction of glutamateglutamine cycling and/or antipsychotic medication effects predispose to NAA reductions later in the illness.
The primary aim of this study was to use high-field 1 H-MRS to examine for evidence of glutamate-related neuronal dysfunction early in schizophrenia. For this purpose, we studied schizophrenia patients early in the illness with minimal previous antipsychotic exposure and healthy volunteers. As a secondary aim, to examine the stability of any neurometabolic findings and potential medication effects, patients were re-scanned at 1, 6 and 12 months following treatment with an explicit antipsychotic drug algorithm. We used the same 1 H-MRS technique with which we previously documented transient Gln and Gln/Glu elevation with ketamine exposure in AC. 6 We hypothesized reduced NAA and increased Gln and Gln/Glu in AC in the schizophrenia group before treatment, consistent with the NMDAR hypofunction model. We explored other regions (the thalamus and frontal white matter) with previously reported glutamatergic abnormalities. 7, 8 Finally, on the basis of the available animal data, 10 we expected no neurometabolic change with treatment.
Methods

Subjects
Patients were recruited from the Mental Health Center at the University of New Mexico. Inclusion criteria were: (1) Diagnostic and Statistical Manual, 4th Edition Revised (DSM-IV) diagnosis of schizophrenia, schizoaffective or schizophreniform disorder made through consensus by two research psychiatrists (JL and JB) using all available information derived from the Structured Clinical Interview for DSM-IV Patient Version (SCID-P), review of medical and psychiatric records and family informants; and (2) lifetime antipsychotic exposure of < 3 weeks. Exclusion criteria were diagnosis of neurological disorder, mental retardation, history of head trauma or substance use disorder not fully remitted. Controls were recruited from the community and were excluded if they had: (1) any DSM-IV axis I disorder, determined by Structured Clinical Interview for DSM-IV Non-Patient Version (SCID-NP); (2) first-degree relatives with schizophrenia or other psychotic disorders; and (3) history of neurological disorder. All subjects gave written informed consent before entry into the study and were paid for their participation. The study was approved by the local Institutional Review Board.
Magnetic resonance studies
Studies were completed in a 4 T magnetic resonance scanner (Varian, Palo Alto, CA, USA), with wholebody gradients capable of 40 mT m À1 and a rise time of 200 ms. All scans were acquired using a pulse and collect transverse electromagnetic head coil. For voxel placement and tissue segmentation, a T1 three-dimensional magnetization prepared fast low angle shot sequence (inversion time (TI) = 700 ms, time-to-echo (TE) = 5 ms, repetition time (TR) = 9 ms, field of view = 200 mm, matrix = 256 Â 256) was acquired. We used spectroscopic acquisition and analyses methods developed at the University of Western Ontario, which have been described in detail. 11 Briefly, spectra were acquired using 1 H-stimulated echo acquisition mode (STEAM; TR = 2000 ms, TE = 20 ms, TM = 30 ms, dwell time = 500 ms, 256 water-suppressed and 16 waterunsuppressed averages). Water suppression was achieved using three Chemical Shift Selective water suppression pulses. Spectra were shimmed to achieve full-width half maximum (FWHM) of < 13 Hz (measured on the unsuppressed water signal from the voxel; spectra with larger FWHM were excluded). Higher-order shims were used for all cases. Spectra were analyzed using curve-fitting software that uses a predefined 'model set' of simulated spectra for 13 metabolite as prior knowledge. The prior knowledge used was the same for both patients and controls, and includes models for the macromolecules, which are more prominent in short-echo MRS experiments. In this implementation for macromolecules, chemical shifts, linewidths and phase are fixed and only amplitude is allowed to vary independently during fitting. The line-fitting package returned amplitudes and areas for each metabolite of interest, which were normalized to water-yielding quantification of NAA, Glu, Gln, choline (Cho) and creatine (Cre). Individual metabolite fits were excluded if the s.d. of the fit was > 20 for the AC and > 30 for the frontal white matter and thalamus data.
Three spectroscopic regions of interest were acquired in the following order ( ) in the same slice and immediately lateral to the AC voxel so as to encompass only the white matter; and (3) left medial thalamus (15 Â 10 Â 10 mm 3 ) placed in the most medial and anterior portion of the thalamus on the slice where the dorsal-medial nucleus is most prominent. Voxel size was chosen based on the anatomy to include as much possible of the structure being studied, although minimizing tissue mixing from the surrounding brain structures. This meant that the thalamus and white matter voxels were considerably smaller then the AC voxel. Each spectral acquisition took 12-15 min. For the follow-up scans, the same rules were used. In addition, the MR operator used the initial images illustrating voxel placement relative to the individual anatomical patterns as further guidance.
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T1 images were segmented as previously described. 13 Partial volume correction was carried out using the following formula: ; and Percent (tissue) is the percentage of tissue (gray or white) volume in the voxel (we assumed that for the AC and thalamus, percentage of tissue was only gray, and for frontal white, only white matter).
Drug algorithm
After MR scanning, schizophrenia patients were treated with quetiapine (target dose range 100-1200 mg QD). If, after a minimum of 2 months of treatment, patients failed to achieve substantial symptomatic improvement or were intolerant as determined by the treating psychiatrist, they were gradually switched to risperidone (dose range 0.25-8 mg QD). Again, failures in improvement or tolerability after 2 months lead to a switch in treatment to haloperidol (oral dose range 1-30 mg QD and/or haloperidol-depo intramuscular injection 10-300 mg monthly-if compliance was an issue). Failure to tolerate or improve on haloperidol for 2 months (or 4 months on haloperidol-depo) led the clinician to start clozapine (dose range 100-900 mg QD).
The patients were assessed for psychopathology with the Schedule for Assessment of Positive Symptoms (SAPS; Andreasen 15 ) and the Schedule for Assessment of Negative Symptoms (SANS; Andreasen 16 ), the Simpson-Angus Scale (SAS; Simpson and Angus
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) for parkinsonism, the Barnes Akathisia Rating Scale (BARS; Barnes 18 ) for akathisia and the Abnormal Involuntary Movements Scale (AIMS; Guy 19 ) for tardive dyskinesia at regular intervals.
Statistical analyses
Dependent variables of interest were NAA, Glu, Gln, Cho and Cre concentrations in millimoles per liter (mM; as in most clinical MRS studies, this unit is used as an approximation, as T1 and T2 of water and the metabolites were not measured). On the basis of the available literature, the main variables of interest were NAA, 20 Gln 6,7 and Gln/Glu. 9 The overall analyses used PROC MIXED (SAS/STAT User's guide, Version 8, Cary NC: SAS Institute Inc, 1999), a repeated measures analysis of variance (RM ANOVA), with subject group as the grouping factor and brain region as repeated factors. To protect against type-I errors, only significant interactions or main effects from the RM ANOVA were followed with post hoc tests. To examine progressive changes over time in the schizophrenia group, two approaches were followed using all metabolite data from subjects with more than one scan. An RM ANOVA was carried out with repeated measures of time of scan and brain region. In a second approach we calculated a slope over time for each schizophrenia subject in each region. Metabolite values and their intervals in months were fitted in a regression line as an estimate of change in the metabolite concentration per month of follow-up. RM ANOVA for slopes had the brain region as repeated factor. To further understand significant overall effects, post hoc tests were done with Fisher's least significance difference method or paired t-tests as appropriate. The relationships between metabolite concentrations and demographic and clinical characteristics were analyzed with Pearson's or Spearman's correlations as appropriate. Demographic and clinical characteristics of the sample were compared between groups with t-tests for continuous data, and w 2 -tests or Wilcoxon tests for nominal and ordinal data, respectively.
Results
Baseline analyses
Demographic and clinical. In all, 15 patients and 11 controls were enrolled; however, one subject in each group had nonusable MRS data. Hence, 14 patients and 10 controls were effectively studied (see Table 1 for demographic and clinical characteristics). By the end of their clinical follow-up, all patients met diagnosis of schizophrenia. There were no significant differences between the patient and control groups in terms of age, gender, ethnic composition, handedness or socioeconomic status (SES) of the head of household of the family of origin. The schizophrenia group had fewer years of education (t(20) = À3.2, P = 0.006) and worse personal SES (Wilcoxon, P = 0.01; high SES rating means lower SES).
Neurometabolites. The number of voxels discarded at each time point due to FWHM > 13 Hz are presented in Supplementary Tables 1 and 2 . The mean quality of fits for data used is presented as Supplementary data. There were no statistically significant differences in the quality of fits between the groups for any metabolite in any region (for t-tests, all P values were between 0.20 and 0.84).
Metabolite values at baseline are presented in Figure 2 . For NAA, repeated measures ANOVA found a marginally significant group Â region interaction (F(2, 35) = 2.81, P = 0.073), a region main effect (F(2, 35) = 8.25, P = 0.001) and no group main effect (F(1, 23) = 0.43, P = 0.52). Follow-up of the interaction confirmed lower NAA in the schizophrenia group, only in the AC (t(1, 20) = À2.16, P = 0.045; Figure 2 ; partial-volume corrected data were also lower in schizophrenia: 10.24 ± 2.8 vs 13.1 ± 1.94; t(1, 20) = À2.8, P = 0.01). The group Â region interactions were not significant for Glu, Gln, Cho or Cre (all P values between 0.13 and 0.42). Similarly, the group main effects (after removing the interaction from the model) were nonsignificant for Glu, Gln, Cho or Cre (all P values between 0.14 and 0.96). However, the ratio of Gln/Glu had a significant group Â region interaction (F(2, 35) = 3.99, P = 0.027), with marginally significant region (F(2, 35) = 2.59, P = 0.09) and nonsignificant group (F(1, 23) = 1.57, P = 0.22) effects. Followup of the group Â region interaction documented higher Gln/Glu in AC in the schizophrenia group (t(1, 20) = 3.15, P = 0.006; Figure 3 ). In addition, inclusion of years of education and personal SES (both worse in patients than controls) into the repeated measures ANOVA, only minimally affected the group Â region interactions for NAA (P = 0.087) and for Gln/Glu (P = 0.083). Finally, AC Gln/Glu was inversely related to AC NAA in the schizophrenia (Pearson's r(14) = À0.78, P = 0.0009), but not in the control group (Pearson's r(8) = À0.044, P = 0.92; Figure 4 ; partial-volume corrected data were also correlated in schizophrenia (r(14) = À0.77, P = 0.001), but not in controls (r(8) = 0.08, P = 0.83).
In the schizophrenia group NAA and Gln/Glu in the AC were not related to duration of illness (r(13) = À0.09, P = 0.76 and r(13) = 0.065, P = 0.83, Longitudinal analyses (schizophrenia subjects) After baseline assessments, patients were followed up for a mean of 7.3 months, s.d. = 5.0. Ten patients returned for the 1-month follow-up, eight for the 6-month and seven for the 12-month follow-up (attrition at each time point was due to unwillingness to continue treatment in the context of the study). Twelve patients were initially treated with quetiapine (one remained on risperidone and one on haloperidol). At the time of their last scan, patients were on the following medications: four on quetiapine, four on risperidone, three on haloperidol (two depo, one oral), two on aripiprazole and none on clozapine (aripiprazole became available during the study implementation and was allowed in these two subjects for clinical reasons). Supplementary Table 3 presents the number of patients taking each antipsychotic medication at each time interval.
Two types of follow-up analyses were undertaken. Repeated measures ANOVA comparing metabolite values (NAA, Gln/Glu, Glu, Gln, Cho and Cre) for each scanning visit across the three regions in the schizophrenia group showed no visit Â region interaction (all P's between 0.29 and 0.99). Hence, the interaction was removed from the model to examine potential main effects of time. However, the time main effects were nonsignificant for NAA (F(3, 25) = 0.08, P = 0.97) and Gln/Glu (F(3, 25) = 0.55, P = 0.65), or for the other metabolites (all P values between 0.18 and 0.79). Finally, analyses of slopes for NAA, Gln/Glu or the other metabolites had nonsignificant region Â time interactions or time main effects (data not shown).
Discussion
Young schizophrenia patients with minimal previous antipsychotic exposure had reduced NAA and increased ratio of Gln/Glu in the AC, but not in the adjacent frontal white matter or thalamus. In the patient group, these metabolic abnormalities were inversely correlated to each other. Group differences in NAA and Gln/Glu were not related to the subject's socioeconomic or educational levels, or to baseline symptom ratings in the patients.
Few other 1 H-MRS studies have measured Glu, Gln or both combined, in schizophrenia/healthy volunteer comparisons. These were mainly cross-sectional in design and used the single-voxel 1 H-MRS at high field strengths and short TE. Our study is most comparable with the investigation by Theberge et al. 7 because we implemented their STEAM single-voxel sequence in a similar Varian 4 T scanner. They found increased Gln and normal NAA in the AC and thalamus in antipsychotic-naive schizophrenia (mean age = 21 years; mean illness duration = 20 months). An important difference is that we examined a larger AC voxel (8 cm 3 compared with 1.5 cm 3 ; Theberge et al. 7 ) that encompassed bilateral AC; this could have resulted in higher signal to noise, and better sensitivity to detect NAA reductions. In addition, our patients were somewhat older (mean age = 27) and perhaps glutamate-related NAA reductions had progressed further. Finally, most of our patients had some, although minimal, antipsychotic exposure. However, several studies in animals have not found effects of antipsychotics on NAA 10, 21, 22 or on Glu or Gln 10 in these regions.
We failed to document AC Gln elevations but found increased Gln/Glu. This is consistent with a recent investigation of spinal cerebrospinal fluid in drugnaïve schizophrenia patients. 9 In this study Glu and Gln, measured with high-performance liquid chromatography, were normal (Gln was 468.6±146 mM in patients vs 405.6±108 mM in controls; Glu was 4.5 ± 1.77 mM in patients vs 4.73 ± 1.29 mM in controls). However, the Gln/Glu ratio was significantly higher in the patient group. Interestingly, in our study of NMDAR blockade with ketamine in healthy volunteers, in addition to the reported elevation of Gln, 6 we also found marginally increased Gln/Glu in AC (8-cm 3 voxel) using the same technique as in the current study (ratios mean increase = 0.12, s.d. = 0.19; t(8) = 1.83, P = 0.1). Gln is the principal metabolite of synaptic Glu 23 and increased turnover of glutamatergic neurotransmission could potentially result in a greater shift toward Gln with corresponding Glu reduction. Consistently, somatosensory activation in rats resulted in increased Gln and reduced Glu assessed with 1 H-MRS at 11.7 T, suggestive of 'yaugmented Glu release from glutamatergic neurons and subsequent uptake by high-affinity Glu transporters on the surrounding glial cells and conversion of Glu into Gln by Gln synthetase. ' 24 Hence, in clinical 1 H-MRS studies, Gln/Glu ratio may be a more sensitive measure of glutamatergic release than Gln or Glu concentrations. However, 26 at 2 T (TE = 30), found increased Glu and normal NAA in a dorsolateral prefrontal and medial temporal voxels in acutely ill, medicated, schizophrenia subjects (age = 28 years; illness duration = 5.3 years). In chronically ill patients (age = 42 years; length of illness = 15 years), Theberge et al. 27 found elevated Gln in the thalamus but Glu plus Gln reduction in AC; NAA was normal in both regions. Finally, Chang et al. 8 studied bilateral white matter prefrontal, temporal and occipital regions (total of 6 voxels) at 4 T (TE = 30 ms) in older schizophrenia (age = 66 years; illness duration = 43 years). They found elevated Glu plus Gln in bilateral prefrontal and left occipital white matter and reduced NAA in bilateral prefrontal and temporal regions. Hence, most of these short TE studies report elevations in glutamatergic indices with normal NAA. Inconsistencies across this literature are likely due to differences in populations, regions of interest studied, as well as spectroscopic technique.
In contrast to the few investigations of glutamate, many studies have measured NAA in schizophrenia/ healthy control comparisons, mostly in large single voxels at 1.5 T and longer TEs. These were recently summarized in a meta-analysis (64 studies: 1256 patients, 1209 healthy controls; Steen et al.
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Important findings included consistent NAA reductions in schizophrenia in combined gray and white matter tissue in prefrontal and medial temporal regions, but also found in the AC, thalamus and cerebellum. There was no evidence of lower NAA in chronic compared with early schizophrenia, but the great majority of studies included chronically ill patients (only four 'first episode' schizophrenia studies are included in this analysis). Our results are consistent with this broad literature and suggest that at short TE (20 ms), AC NAA reductions are apparent early in the illness.
We are aware of only four other longitudinal early schizophrenia studies that assessed metabolic changes in the context of antipsychotic drug exposure. Three of these were at 1.5 T and focused on NAA. Choe et al. 28 found low frontal NAA/Cre at baseline with no further reductions after treatment with typical and atypical agents (follow-up 1-6 months). Fannon et al. 29 reported reduced medial temporal NAA/Cre at baseline, which was no longer statistically different from healthy subjects after 3 months of atypical antipsychotic treatment. Although our preliminary report suggested progressive frontal reductions, 30 follow-up of the whole sample did not detect NAA reductions in patients randomized to haloperidol or quetiapine for a mean follow-up of 9 months. 31 Finally, Theberge et al. 32 detected reductions in thalamic glutamine after 30 months of treatment, but no changes in NAA. Hence, the absence of NAA changes with treatment in this study is generally consistent with this literature. However, longer follow-up periods may be necessary to detect changes in other metabolites like glutamine.
Reduced NAA may result from actual loss of neurons or reductions in their size (soma and/or processes) relative to non-neuronal tissue. The postmortem literature does not support classic neurodegenerative changes in schizophrenia with neuronal loss or gliosis. 33 However disease-related reductions in synaptic spines 34 could result in decreased NAA. A recent study in a model of early human immunodeficiency virus brain infection in monkeys documented that 1 H-MRS-measured NAA decrements were related to reductions in synaptophysin, a marker of synaptic integrity. 35 Furthermore, subchronic NMDAR blockade with phencyclidine in rats resulted in a 41% reduction in prefrontal spine synapses 36 and of temporal NAA. 4 Finally, increased mRNA expression of the astrocytic glutamate transporter 37 and elevations of phosphate-activated glutaminase, a neuronal enzyme that converts glutamine to glutamate, 38 were both detected in the prefrontal cortex of schizophrenia subjects, consistent with increased turnover of synaptic glutamate. Hence, our findings of increased Gln/Glu correlated with lower NAA early in the illness, and are consistent with a process of glutamate-related dendritic toxicity as suggested by the NMDAR hypofunction model of schizophrenia.
Some study limitations should be considered. First, sample size was small and hence replication of the AC findings in larger groups is necessary. In addition, it is possible that our negative findings for frontal white matter and thalamus represent type-II statistical errors. Likewise, the lack of neurometabolic change with follow-up should be interpreted cautiously because of low power. Second, spatial coverage was restricted to only three regions, thus neurometabolic changes in other locations may have been missed. Proton echo-planar spectroscopic imaging techniques at 4 T and short TE with broader spatial coverage are being implemented by our group. Third, at the TE of 20 ms, significant contributions from various macromolecule (MM) resonances will be present, which may be coupled to each other. We did not measure MM resonances in patients or controls but estimated them using common prior knowledge in our fitting model in which only the amplitude is allowed to vary independently. If MM shapes and contributions (and/or their relationships) differ in schizophrenia from control subjects, this could potentially affect our Gln, Glu and NAA findings. Fourth, the voxels for the thalamus and frontal white matter were smaller than the AC voxel, and consequently had lower signal-to-noise ratio (SNR). This reduced SNR might contribute to reduced reliability of our measures, leading us to miss possible differences in these regions due to type-II error. Fifth, most patients had been treated with antipsychotic medications at baseline. Rodent studies suggest that even acute antipsychotic exposure can modulate glutamatergic response to NMDA blockade. 39 Hence, our baseline Gln/Glu findings could still be the results of antipsychotic medication. Sixth, we segmented cerebrospinal fluid and partial-volume corrected the metabolite concentrations, but were unable to segment the gray and white matter tissue in each voxel. As NAA concentration is slightly higher in gray than in white matter, 40 differences in voxel tissue proportion between the groups could potentially account for the reduced NAA in the AC in the schizophrenia group. Finally, our use of endogenous water as a concentration reference might be problematic if there were substantial alterations in water MR visibility, perhaps due to water dysregulation. However, this would have likely lead to group differences in the same direction across all metabolites studied. Pfefferbaum et al. 41 reported prolonged water T2 in schizophrenia. We minimized this possible effect by using a short echo time of 20 ms so that any associated alteration of T2 is unlikely to have a substantial effect. Similarly, our use of a 2000-ms recycle time results in minimal saturation effects. Still, differences in water T1 relaxation in voxels with larger water content (such as the AC in the schizophrenia group) could also confound metabolite concentrations. However, analyses of the metabolite data as Cre ratios produced the same baseline results (see Supplementary data). Future studies measuring T1 and T2 in addition to neurometabolites would be challenging but potentially informative.
In summary, these results suggest that NAA reductions and correlated elevations of Gln/Glu in the AC are present early in schizophrenia. The neurometabolic findings are consistent with reductions in neuropil secondary to glutamate-mediated toxicity as predicted by the NMDAR hypofunction model. 1 Direct evidence of such a process supports the study of 'neuroprotective' glutamate modulating agents, which may prevent cognitive dysfunction and the poor functional outcomes that are still the norm in schizophrenia.
